INTRODUCTION {#h0.0}
============

*Klebsiella pneumoniae* has traditionally been considered an opportunistic pathogen and is a common cause of nosocomial infections ([@B1]). However, starting in the mid-1980s, a distinctive syndrome of community-acquired invasive *K. pneumoniae* infections, primarily in the form of pyogenic liver abscesses, has emerged ([@B2][@B3][@B5]). These infections are often complicated by devastating metastatic infections, including endophthalmitis and meningitis. Remarkably, in contrast to most other *K. pneumoniae* infections, approximately half the cases occur in younger, otherwise healthy individuals. The invasive syndrome has mostly been reported in Taiwan and South Korea, where *K. pneumoniae* has become the most common etiologic agent of liver abscess over the last decades. Thus, *K. pneumoniae* liver abscess is now considered an endemic disease in Taiwan, where an almost 60% rise in the annual incidence from 1996 to 2004 has been observed ([@B6]). In South Korea, 78.2% of liver abscess cases in 2004 and 2005 were caused by *K. pneumoniae* compared to only 3.3% in the period from 1970 to 1979 ([@B7]). Although the *K. pneumoniae* liver abscess syndrome has been primarily reported within Southeast Asia, an increasing number of cases reported from other geographic regions, including North America and Europe, indicates that the syndrome is turning into a globally emerging disease ([@B5], [@B8]). Indeed, studies from U.S. institutions have reported that *K. pneumoniae* recently has surpassed *Escherichia coli* as the most common cause of liver abscess ([@B9], [@B10]).

The *K. pneumoniae* strains causing these invasive infections are termed hypervirulent and characteristically express a distinct hypermucoviscous phenotype when grown on agar plates ([@B11][@B12][@B13]). This may be related to overexpression of capsule polysaccharides. The capsule is recognized as an important virulence factor in *K. pneumoniae* that protects the bacteria from phagocytosis and the bactericidal effect of serum ([@B1]). Of the 78 capsular serotypes described, the hypervirulent *K. pneumoniae* (hvKP) isolates primarily belong to serotype K1 and, to a lesser degree, K2 ([@B7], [@B12][@B13][@B15]). Notably, it has been established that the invasive isolates exhibit significantly increased virulence in animal models compared to *K. pneumoniae* isolates from other infection types, supporting that these isolates indeed are hypervirulent ([@B12], [@B16]).

A number of putative virulence factors have been associated with hvKP. These include RmpA (regulator of the mucoid phenotype) and the aerobactin siderophore, which has been found in some strains to be encoded by a large virulence plasmid ([@B17], [@B18]). Furthermore, additional iron acquisition systems, such as yersiniabactin encoded by an integrative and conjugative element (ICE) (ICE*Kp1*) and the *kfu* operon, as well as a region associated with allantoin metabolism and a fimbrial gene cluster, *kpc*, have been associated with specific hvKP strains ([@B19][@B20][@B22]).

Interestingly, multilocus sequence typing (MLST) has revealed that the vast majority of hvKP strains of serotype K1 belong to the same clonal complex, CC23 ([@B23][@B24][@B29]). In contrast, hvKP strains of serotype K2 have been found to belong to different, unrelated MLST types ([@B27], [@B29], [@B30]). A recent study that applied a 694-gene core genome MLST scheme to a diverse *K. pneumoniae* collection revealed that K1 CC23 isolates form a distinct clonal group and are associated with specific virulence factors whereas hypervirulent K2 isolates are genetically more diverse ([@B31]). The prominence of the hypervirulent K1 CC23 clone is intriguing and indicates that this clonal lineage has a specific genetic background conferring hypervirulence and also possibly increased environmental fitness.

Here, we sequenced and analyzed the genomes of a collection of clinically and geographically diverse *K. pneumoniae* isolates to characterize the phylogenetic background and evolution of hvKP strains with emphasis on the CC23 clonal lineage. Furthermore, by comparative genomics analyses we identify factors which are specifically associated with hvKP strains and which may play a role in their increased virulence.

RESULTS {#h1}
=======

Strain collection. {#s1.1}
------------------

A collection of 30 hvKP strains, isolated from cases of liver abscess or community-acquired pneumonia, submitted to the WHO Collaborating Centre for Reference and Research on *Escherichia* and *Klebsiella* at Statens Serum Institut, Denmark, was included in the study. The strains were isolated in the period from 1996 to 2012 and originated from seven different countries in Africa, Asia, Europe, and North America (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material).

The vast majority (28/30) of the hvKP isolates were found to belong to capsule serotype K1. The remaining two strains belonged to serotype K2. All the strains exhibited the characteristic hypermucoviscous phenotype shown by the formation of a mucoviscous string when a loop was passed through a colony.

Remarkably, MLST analysis revealed that 27 of the 28 hvKP K1 isolates belonged to CC23. The last K1 isolate belonged to ST260, which differs from ST23 at two alleles. In contrast to the K1 isolates, the two K2 isolates belonged to two unrelated ST types, ST25 and ST86. To investigate whether the observed high degree of clonality of the K1 hvKP isolates reflected a general clonality of strains belonging to the K1 serotype, two K1 reference strains and two additional K1 blood isolates were included. The K1 reference strains belonged to ST82, differing from ST23 at four alleles, and the blood isolates belonged to ST249, differing at three alleles.

Whole-genome phylogenetic analysis. {#s1.2}
-----------------------------------

To understand the clonal diversity and phylogenetic relatedness of the hvKP isolates, the strain collection described above (including the K1 reference strains and blood isolates) and 35 clinical but nonhypervirulent strains, including nine strains belonging to the carbapenem-resistant ST258 clone, were subjected to whole-genome sequencing (WGS) (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). Furthermore, 11 previously published *K. pneumoniae* genomes (see [Table S2](#tabS2){ref-type="supplementary-material"}) were included in the phylogenetic analysis, including the closed genome of the Taiwanese CC23 strain NTUH-K2044 isolated from a patient with liver abscess and meningitis ([@B17]). Thus, a total of 80 strains were included in the final phylogenetic analysis. A total of 72,371 single nucleotide polymorphisms (SNPs) were identified in the conserved core genome of the strains and were used to construct a maximum-likelihood phylogenetic tree ([Fig. 1](#fig1){ref-type="fig"}). All the hvKP CC23 isolates were found to cluster in a single clade, clearly separated from the other isolates, revealing a high degree of clonality of the CC23 group. Although the CC23 isolates were found to be more closely related to the K1 reference strains and the K1 blood isolates than the isolates of other capsule serotypes, the CC23 cluster was clearly distinct from the other K1 strains. Notably, CAS686, the only K1 hvKP isolate not belonging to CC23 but to the ST23 double-locus variant ST260, formed a distinct branch and was clearly separated from the CC23 clade ([Fig. 1](#fig1){ref-type="fig"}).

![Rooted maximum-likelihood phylogeny of 80 *K. pneumoniae* isolates based on 72,371 total SNPs, including 41,171 parsimony-informative SNPs. Hypervirulent clonal lineages are marked with shadings. Columns 1 and 2 show the presence of the virulence plasmid pLVPK and the *allS* region associated with allantoin metabolism, respectively. Columns 3, 4, and 5 show the presence of colibactin (*pks*), yersiniabactin (*fyuA*), and microcin E492 (*mE492*) in the KPHPI208 genomic island, respectively. The presence and absence of genetic elements are indicated by black and white, respectively. The asterisks indicate bootstrap support values of ≥90%.](mbo0041524030001){#fig1}

Whereas the hvKP K1 isolates were found to exhibit a high degree of clonality, the two hvKP K2 strains were found to be genetically unrelated and clustered in two distinct clades. Interestingly, the ST86 isolate, CAS688, clustered closely together with two previously described hvKP K2 strains, CG43 and hvKP1, also belonging to ST86, revealing a high degree of clonality of hypervirulent ST86 K2 isolates.

Recent studies have reported high levels of recombination in *K. pneumoniae* ([@B32], [@B33]). Thus, recombinant regions were identified and removed using Gubbins ([@B34]); however, both the clonality of the CC23 lineage and the distinctness of the different hypervirulent K2 lineages were maintained (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Interestingly, after recombination filtering, the ST260 isolate CAS686 clustered closely with the CC23 isolates, indicating that this hybrid strain is the result of recombination between an ST23 strain and another *K. pneumoniae* isolate from a novel clonal lineage (see below).

As expected, the carbapenem-resistant ST258 isolates clustered together, illustrating the close genetic relationship of the ST258 lineage, whereas the remaining nonhypervirulent isolates were generally genetically diverse and formed several clearly separated clades in the phylogenetic tree ([Fig. 1](#fig1){ref-type="fig"}).

Phylogenetic relationship of CC23. {#s1.3}
----------------------------------

To further resolve the phylogenetic relationship of the CC23 cluster, we performed a separate analysis including only the CC23 isolates. To increase the size of the conserved core genome from which genetic polymorphisms are called, the CC23 clade was investigated separately to construct a high-resolution phylogenetic tree ([Fig. 2](#fig2){ref-type="fig"}). The inferred relationship between the isolates exhibited a star-like topology, suggesting a recent clonal expansion of the CC23 lineage from a common ancestor. Geographical clustering was not observed except for four isolates from South Africa and a cluster of four Taiwanese isolates.

![High-resolution phylogenetic analysis of 29 CC23 isolates of different geographical origins. The radial maximum-likelihood tree was based on 2,181 total SNPs, including 342 parsimony-informative SNPs after removal of recombinant regions. Isolates are labeled with country of origin and year of sampling. The asterisks indicate bootstrap support values of ≥90%.](mbo0041524030002){#fig2}

The ST260 isolate, CAS686, is a CC23 hybrid strain. {#s1.4}
---------------------------------------------------

As described above, one hvKP K1 isolate, CAS686, did not belong to CC23 but formed a separate branch in the phylogenetic tree ([Fig. 1](#fig1){ref-type="fig"}); however, after recombination filtering the isolate clustered closely with the CC23 isolates (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Indeed, analysis of the composition of the ST260 isolate revealed that a large proportion of the genome of the ST260 isolate showed a remarkably high degree of similarity to CC23 corresponding to approximately 2.9 Mbp (55%) of the NTUH-K2044 genome (see [Fig. S2](#figS2){ref-type="supplementary-material"}). Thus, according to SNP mapping, most of the divergence was located in regions corresponding to 2.4 Mbp (45%) of the NTUH-K2044 genome, revealing a chimeric composition of CAS686 between a CC23 strain and a strain of unknown clonal origin (see [Fig. S2](#figS2){ref-type="supplementary-material"}). Indeed, when separate phylogenetic analysis of the non-CC23 segment of the ST260 genome was performed, it was clearly distinct from the CC23 clade (see [Fig. S3](#figS3){ref-type="supplementary-material"}).

Virulence plasmid. {#s1.5}
------------------

The prototype ST23 liver abscess strain NTUH-K2044 has been shown to carry a 224-kb plasmid, pNTUH-K2044, highly similar to the large virulence plasmid pLVPK of the hvKP K2 strain CG43 ([@B17], [@B18]). The plasmid carries virulence-associated genes, including those for the iron acquisition systems aerobactin (*iucABCD-iutA*) and salmochelin (*iroBCDN*) and two different variants of a gene involved in expression of the characteristic hypermucoviscous phenotype of hvKP, *rmpA* (regulator of the mucoid phenotype) and *rmpA2*. Interestingly, plasmids closely resembling the large virulence plasmid were detected in all the hvKP isolates examined, including the two K2 isolates, although some strains appeared to carry variants in which specific regions had undergone deletions (see [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material). Even though some regions of the plasmid (e.g., regions encoding copper and silver resistance) were also detected among the other isolates, the virulence plasmid *per se* was found to be uniquely associated with hvKP strains ([Fig. 1](#fig1){ref-type="fig"}; see also [Fig. S4](#figS4){ref-type="supplementary-material"}). The only exception was the previously sequenced 2,3-butanediol-producing K2 isolate KCTC 2242 of unknown virulence potential, which carried a 202-kb plasmid with high homology to pLVPK.

To further investigate the phylogenetic relationship of the virulence plasmid, a separate phylogenetic analysis on the diversity of the conserved portions of the 224-kb pNTUH-K2044 plasmid was performed. To maintain as much informative sequence as possible, eight CC23 isolates shown to carry plasmid variants in which regions from 10 to 65 kb were deleted were excluded from the initial analysis, as were regions with evidence of horizontal gene transfer (HGT). The inferred relationship between the pNTUH-K2044 plasmid variants shows a clear separation into two distinct branches, one encompassing all the CC23 K1 isolates and one containing the K2 isolates ([Fig. 3](#fig3){ref-type="fig"}). This suggested that the virulence plasmid was acquired only once by each clone, followed by clonal dissemination within the distinct lineages. A single acquisition of the virulence plasmid into the CC23 lineages is further supported by the observed similarities in the subclustering of isolates in the phylogenetic tree of CC23 and the plasmid ([Fig. 2 and 3](#fig2 fig3){ref-type="fig"}, respectively).

![Phylogenetic analysis of the virulence plasmid. The maximum-likelihood tree was based on 206 total SNPs, including 86 parsimony-informative SNPs after removal of recombinant regions. CC23 and K2 isolates are marked with red and yellow shadings, respectively. Eight CC23 isolates shown to carry plasmid variants in which regions from 10 to 65 kb were deleted were not included but analyzed individually (see text for details). The asterisks indicate bootstrap support values of ≥90%.](mbo0041524030003){#fig3}

Individual analysis of the plasmid diversity among the eight CC23 isolates carrying major deletion variants revealed that these all cluster within the pNTUH-K2044 CC23 clade (results not shown).

Genomic island associated with an integrative and conjugative element (ICE). {#s1.6}
----------------------------------------------------------------------------

A 76-kb integrative and conjugative element (ICE*Kp1*) integrated at an Asn-tRNA locus in the CC23 hvKP strain NTUH-K2044 has previously been described ([@B19]). ICE*Kp1* is divided into three regions, one similar to the high-pathogenicity island (HPI) of *Yersinia* species encoding the siderophore yersiniabactin followed by a middle region similar to a part of the large virulence plasmid, including the genes encoding the iron acquisition system salmochelin and a variant of the *rmpA* gene. The latter region of ICE*Kp1* contains genes responsible for conjugative transfer of the ICE followed by six open reading frames (ORFs) encoding hypothetical proteins.

Homologues of ICE*Kp1* were detected in all but three of the 27 CC23 isolates as well as the ST260 CC23 hybrid strain (hereafter termed CC23-related isolates). Whereas the region encoding yersiniabactin was conserved, the middle region encoding salmochelin and RmpA was not detected in the ICE region of any of the CC23-related isolates except NTUH-K2044. Furthermore, in all CC23-related isolates the six ORFs in the third region of ICE*Kp1* encoding hypothetical proteins were replaced by a 50-kb region (*pks*) encoding the polyketide genotoxin colibactin. Thus, the ICE region of all the CC23 isolates analyzed in this study resembled a genomic island recently described in the Taiwanese ST23 liver abscess strain 1084 ([@B35]). The 208-kb genomic island of strain 1084, KPHPI208, is divided into eight genomic modules (GM1 to GM8) where GM2 and GM3 are homologous to the ICE*Kp1* region responsible for conjugative transfer and yersiniabactin synthesis, respectively (see [Fig. S5](#figS5){ref-type="supplementary-material"} in the supplemental material). Homologues to all genomic modules of KPHPI208 were detected in all 27 yersiniabactin-positive CC23 isolates and the CC23 hybrid strain, except for GM8, which was detected in only three isolates, and GM2, which was absent in three isolates (see [Fig. S5](#figS5){ref-type="supplementary-material"}). Notably, GM6 encodes the bacteriocin microcin E492, which may play a role in pathogenicity. Only homologues of GM2, GM3, GM5, and GM7 were detected in NTUH-K2044, further emphasizing the divergence of the genomic island in this specific strain.

In contrast to the high prevalence of homologues of KPHPI208 among the CC23 isolates, variants of the genomic island were detected in only nine of 50 non-CC23-related strains included in this study (see [Fig. S5](#figS5){ref-type="supplementary-material"} and [Tables S1](#tabS1){ref-type="supplementary-material"} and S2 in the supplemental material). Notably, three of these were hypervirulent K2 strains. Overall, the structure of the genomic region varied among the non-CC23-related strains (see [Fig. S5](#figS5){ref-type="supplementary-material"}). The colibactin-encoding module was detected in only two strains, one of which was the hvKP K2 strain 52.145, and the microcin E492-encoding module was not detected in the genomic island of any of the non-CC23-related isolates. Thus, the variant of the genomic island encoding all three putative virulence-related factors, microcin E492, yersiniabactin, and colibactin, was found to be unique to the CC23-related strains ([Fig. 1](#fig1){ref-type="fig"}; see also [Fig. S5](#figS5){ref-type="supplementary-material"} in the supplemental material).

To further investigate the phylogenetic relationship of the genomic island variants, the relationship between the conserved parts of the island was inferred by a phylogenetic analysis based on polymorphic sites within this region after exclusion of putative HGTs. All CC23-related isolates, except NTUH-K2044, distributed into a monophyletic clade with very low sequence diversity, indicating a recent single acquisition of the genomic island into the CC23 lineage ([Fig. 4](#fig4){ref-type="fig"}). In contrast, the genomic islands of the non-CC23-related strains formed several clearly separated clades in the analysis. The genomic island of NTUH-K2044 was clearly divergent from the other CC23 strains, indicating that the island may have undergone a major recombination event in this specific strain.

![Phylogeny of the conserved parts of the KPHPI208 genomic island. The maximum-likelihood tree was based on 474 total SNPs, including 269 parsimony-informative SNPs after removal of recombinant regions. CC23 isolates are marked with red shading. The asterisks indicate bootstrap support values of ≥90%.](mbo0041524030004){#fig4}

Virulence genes previously associated with hypervirulence. {#s1.7}
----------------------------------------------------------

The virulence plasmid encodes the iron acquisition systems aerobactin and salmochelin and two variants of the regulator of the mucoid phenotype, RmpA and RmpA2. Remarkably, except for the two K1 reference strains A5054 and 8045, which both carried an *rmpA* variant (8045 also carried aerobactin), these three virulence factors were detected only in the genomes of hvKP strains (see [Tables S1](#tabS1){ref-type="supplementary-material"} and S2 in the supplemental material). Interestingly, the K2 strain Kp52.145, the only hvKP strain not carrying a pLVPK homologue, also possessed these three virulence factors, further emphasizing their close association with *K. pneumoniae* hypervirulence.

Due to shifts in a poly(G) and/or a poly(A) tract of the *rmpA2* gene observed in all CC23-related strains, the gene was found to encode a truncated product of 99 to 126 amino acids  compared to the 212-amino-acid product encoded by the pLVPK *rmpA2* gene. This suggests that the RmpA2 protein may be nonfunctional or have a different functionality in the CC23 lineage than that described for the RmpA2 variant in pLVPK. The ST86 K2 isolate CAS688 was found to possess the full 212-amino-acid RmpA2 variant of pLVPK, whereas a 100-amino-acid truncated variant was detected in the other hvKP K2 isolate, CAS689.

Three chromosomal regions associated with increased virulence have been identified in NTUH-K2044. The *allS* region contains genes associated with allantoin metabolism, the *kfu* region encodes an iron uptake system, and a 56-kb putative pathogenicity island encodes hypothetical proteins and carries the fimbrial gene cluster *kpc*.

The *allS* region was detected in all the CC23-related isolates, whereas it was absent from all but one of the non-CC23 strains, illustrating the close association of this region with the CC23 lineage ([Fig. 1](#fig1){ref-type="fig"}; see also [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). The only *allS*-positive non-CC23-related isolate was the hvKP K2 isolate CAS689.

Also, *kfu* was detected in all CC23-related isolates. However, the *kfu* region was also detected in all four non-CC23 K1 isolates, suggesting a general association of *kfu* with isolates of the K1 serotype. Furthermore, *kfu* was also detected in an additional seven of the nonhypervirulent strains, indicating that *kfu* is relatively widespread in *K. pneumoniae.*

We found the *kpc* island to be present in all but one of the CC23 isolates (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). However, only partial regions were present in three isolates and the island was not detected in the ST23 hybrid strain. Among the non-CC23-related isolates, partial islands were detected only in the two K1 blood isolates with conservation of the *kpc* fimbrial gene cluster.

Identification of unique genes in the CC23 lineage. {#s1.8}
---------------------------------------------------

Genomic comparisons among the 80 diverse *K. pneumoniae* isolates were used to identify genes uniquely present in the CC23 clade, potentially involved in its observed hypervirulence. This analysis identified four regions ranging from 2 to \~23 kb (see [Table S4](#tabS4){ref-type="supplementary-material"} in the supplemental material). Two of these regions were associated with integrases and had significantly lower GC content (34% compared to the overall GC content of the NTUH-K2044 genome at 58%), suggesting horizontal acquisition from other organisms. The 23-kb region was homologous to a chromosomal region in the *Klebsiella variicola* strain At-22 (98% nucleotide identity). This region encodes putative transcriptional regulators; putative metabolism-associated enzymes, including oxidases, reductases, and hydrolases; and a number of hypothetical proteins. Genes encoding putative membrane proteins and hypothetical proteins were present in the three other unique regions.

Six additional regions with a high degree of association with CC23 were identified (see [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material). Two of these were low-GC-content regions and were associated with integrases, indicating horizontal acquisition. Remarkably, a 5.6-kb region encoding hypothetical proteins (KP1_2357 to KP1_2370) was conserved in all but two CC23-related isolates and otherwise detected in only a highly virulent K2 strain.

Antibiotic resistance genes. {#s1.9}
----------------------------

The presence of antibiotic resistance coding genes in the hvKP isolates was investigated by use of the web-based tool ResFinder ([@B36]). As expected, all isolates carried a chromosomal SHV beta-lactamase which mediates the intrinsic resistance to ampicillin of *K. pneumoniae*. Only one hvKP isolate, the Danish liver abscess isolate CAS813, was found to carry additional antibiotic resistance-associated genes. These were the beta-lactamase gene *bla*~TEM-2~, the aminoglycoside resistance genes *aac([@B3])*-IIa and *aadA11*, sulfonamide resistance genes *sul1* and *sul2*, and *dfrB1*, encoding resistance to trimethoprim. In agreement, CAS813 was found to be phenotypically resistant to ampicillin, gentamicin, streptomycin, sulfonamide, and trimethoprim.

DISCUSSION {#h2}
==========

The remarkable evolution of *K. pneumoniae* infections, including a recent steep rise in the prevalence of severe community-acquired invasive infections in otherwise healthy individuals, is alarming. While this syndrome has mainly been observed in Southeast Asia, it is increasingly being recognized also in the Western world, indicating that it is developing into a globally emerging disease ([@B5], [@B8]). Traditional typing methods, including capsule serotyping and MLST analysis, have revealed that many of these infections are caused by related strains, suggesting that specific hvKP clones have emerged. This is particularly observed in the CC23 clonal lineage belonging to capsular serotype K1, which has been shown to be by far the most prevalent clone causing invasive infections in several studies ([@B23][@B24][@B29]). Liver abscess patients have been found to carry the same strain in their gastrointestinal tract as the one causing infection ([@B37]). Furthermore, a high fecal carriage rate of CC23 has been observed among individuals in Southeast Asia ([@B26], [@B38]), which possibly contributes to the high prevalence of invasive infections in this region and indicates that CC23 isolates are highly effective colonizers of the human intestinal tract.

However, analyses of the genetic repertoire of the hvKP CC23 clonal lineage and its position in the population structure of *K. pneumoniae* in general and in relation to other hypervirulent *K. pneumoniae* clones have so far been carried out by only one study applying core genome MLST ([@B31]). To investigate the evolutionary history of the hvKP clones, we sequenced the genomes of 69 *K. pneumoniae* isolates, including 30 hvKP isolates of different geographical origins.

The close association of CC23 with hypervirulence was confirmed, as all but three hvKP isolates were found to belong to CC23 even though the strain collection included isolates from four different continents collected over a 16-year period. Notably, this included four community-acquired pneumonia isolates from South Africa. In contrast to the Western world, *K. pneumoniae* is an important cause of severe community-acquired pneumonia in Africa ([@B3]), but this is to our knowledge the first time that the CC23 clone has been directly linked to this phenomenon.

We verified the close clonal relationship of the CC23 isolates, as they all grouped into a distinct monophyletic clade ([Fig. 1](#fig1){ref-type="fig"}). This is in agreement with a recent study which showed that CC23 formed a distinct clonal group when applying core genome MLST ([@B31]). Importantly, by including K1 isolates not associated with hypervirulence, we could show that the CC23 isolates form a distinct phylogenetic clade clearly separated from the nonhypervirulent K1 isolates. Thus, CC23 does not merely reflect a general clonality of isolates belonging to the K1 serotype but is indeed a unique clonal lineage with an exclusive genetic composition.

Separate phylogenetic analysis of the CC23 isolates revealed a star-like phylogeny ([Fig. 2](#fig2){ref-type="fig"}), further indicating that the CC23 lineage has evolved recently by clonal expansion from a single common ancestor. This could suggest that the CC23 lineage has developed rapidly, perhaps after acquirement of specific genetic elements conferring increased virulence or environmental fitness (e.g., the virulence plasmid or the KPHPI208 genomic island), as has been described elsewhere with other successful *K. pneumoniae* clones (e.g., CC258).

Interestingly, only minimal geographical grouping of the isolates was observed in the CC23 phylogeny, suggesting that CC23 has spread globally through multiple international transmission events rather than by local expansions. Indeed, infections with hvKP have in some cases been linked to recent travel to Asia. However, in several cases a link to travel or close contact with individuals from areas of endemicity could not be established, suggesting that the CC23 clonal lineage has already established itself outside Asia ([@B29], [@B39][@B40][@B44]). The location where the CC23 lineage first evolved is unknown; however, the fact that the invasive syndrome was first reported from Taiwan, as well as the high prevalence of invasive *K. pneumoniae* infections in this region, strongly indicates Southeast Asia.

Among the hvKP K1 isolates, only one isolate was found that did not belong strictly to the CC23 clade but instead formed a separate branch in the phylogeny. This isolate was revealed to be a hybrid strain with approximately half of its chromosomal DNA resembling CC23 and the other half originating from a *K. pneumoniae* isolate belonging to another clonal lineage. Intriguingly, a recent study revealed that the epidemic carbapenem-resistant ST258 clone also is a hybrid strain, presumably as a result of a large recombination event ([@B33]). Our finding of a second example of a hybrid strain suggests that, as described for other important pathogens, genomic hybridizations may be a frequent phenomenon in *K. pneumoniae* that occasionally may lead to the introduction of novel important genotypes as exemplified by ST258.

In contrast to the high degree of clonality of the K1 CC23 isolates, the two hvKP K2 strains were found to be genetically unrelated. However, the existence of specific hypervirulent K2 clonal lineages was supported by the close genetic relationship of the ST86 K2 isolate with two previously described hvKP strains, CG43 ([@B45]) and hvKP1 ([@B46]), which together formed a distinct ST86 clade ([Fig. 1](#fig1){ref-type="fig"}).

Due to the different genetic backgrounds of the hypervirulent K1 and K2 isolates, we hypothesized that their common hypervirulent phenotype could be associated with shared genetic elements. An element found in all hvKP strains in the collection is the large virulence plasmid which mediates the hypermucoviscous phenotype and encodes iron acquisition systems (aerobactin and salmochelin). This plasmid was absent in all of the nonhypervirulent strains except the 2,3-butanediol-producing K2 isolate KCTC 2242 of unknown virulence potential ([Fig. 1](#fig1){ref-type="fig"}). A large virulence plasmid encoding these factors was first described in the highly virulent K2 strain Kp52.145 (derived from the K2 serotype reference strain B5055) ([@B47][@B48][@B49]). However, in our collection, the virulence plasmid present in the hvKP strains was found to be unrelated to the large virulence plasmid of strain Kp52.145 but instead to be homologous to the large virulence plasmid pLVPK of the hvKP K2 strain CG43. The conservation of three virulence-related factors on different plasmids in hypervirulent strains is intriguing and indicates a key role of these factors, and virulence plasmids, in *K. pneumoniae* hypervirulence. Indeed, animal studies have revealed significantly reduced virulence of plasmid-cured derivatives of both Kp52.145 and CG43 ([@B47], [@B50]). Also, strain 1084, a CC23 strain that is apparently lacking the virulence plasmid, was found to have significantly attenuated virulence compared to a hypermucoviscous isolate ([@B51], [@B52]). Interestingly, strain 1084 could still cause fatal infections in mice ([@B51]), revealing that the high virulence of CC23 is not solely related to the virulence plasmid. It could be speculated that the 2,3-butanediol-producing K2 isolate KCTC 2242 is hypervirulent, as it both possesses the virulence plasmid and phylogenetically clusters in a clade with other hvKP isolates, thus raising concerns about the biosafety of using this isolate as a production strain.

Separate phylogenetic analysis of the plasmids revealed distinct clades according to serotype. This suggests that a plasmid has been acquired independently by each clonal lineage, followed by clonal dissemination. Furthermore, it could be speculated that acquisition of the virulence plasmid by CC23 played a significant role in the clonal expansion of this lineage.

The large virulence plasmid of CG43 contains two variants of *rmpA*, designated *rmpA* and *rmpA2*, which have both been shown to activate capsule production, resulting in a hypermucoviscous phenotype as well as increasing the virulence in mice ([@B53], [@B54]). In agreement with previous studies, we found a close association of *rmpA* with hypervirulence, as all hvKP strains were *rmpA* positive whereas no variants of this gene were detected in any of the nonhypervirulent strains, except the two K1 reference strains. Furthermore, we found that all CC23-related strains and one of the K2 strains carried truncated variants of RmpA2. A high prevalence of truncated RmpA2 variants has previously been reported but not been generally related to CC23 ([@B55]). It could be speculated that the presence of a truncated variant in this highly successful clone indicates that it confers an advantage perhaps via a more subtle activation of capsule expression in comparison to a strain with two fully functional variants present. Notably, in agreement with the presence of a full-length copy of RmpA, all the CC23 isolates expressed the hypermucoviscous phenotype.

An integrative and conjugative element, ICE*Kp1*, containing virulence genes, including those for the siderophores yersiniabactin and salmochelin and a third copy of *rmpA*, has been described in the CC23 strain NTUH-K2044 ([@B19]). Except for the conserved presence of yersiniabactin, we found that the composition of the ICE-containing region was remarkably different from NTUH-K2044 in all CC23 isolates and resembled the genomic island, KPHPI208, previously described in isolate 1084 ([@B35]). Thus, the *rmpA* and the salmochelin region appear to be specific for the ICE region in the NTUH-K2044 strain, whereas these regions are generally restricted to the virulence plasmid in all other CC23 isolates. Intriguingly, we found gene clusters encoding colibactin and microcin E492 in the genomic island of all CC23 isolates except NTUH-K2044. Colibactin is a genotoxin shown to induce DNA damage in host cells *in vivo* and *in vitro* and has been suggested to play a role in the pathogenesis of inflammatory bowel disease and to promote colorectal cancer ([@B56][@B57][@B58]). Colibactin has primarily been associated with the *E. coli* B2 phylogenetic lineage, where it has been associated with long-term gastrointestinal colonization and bacteremia ([@B59], [@B60]). Notably, colibactin expression in the 1084 CC23 isolate was recently found to induce DNA damage in liver parenchymal cells of infected mice ([@B35]). Microcin E492 is a bacteriocin active against members of the *Enterobacteriaceae* family but has also been shown to induce apoptosis in human cell lines ([@B61], [@B62]). Thus, it may provide a competitive advantage during gastrointestinal colonization or play a direct role in virulence.

Intriguingly, we found that the KPHPI208 variant containing colibactin, yersiniabactin, and microcin E492 was restricted to CC23 ([Fig. 1](#fig1){ref-type="fig"}). It could be speculated that this region may play a key role in the success of this clone by promoting virulence and/or environmental fitness. Worryingly, a significantly increased risk of subsequent colorectal cancer has been observed in patients with *K. pneumoniae* liver abscess compared to patients with liver abscess caused by other microbes ([@B63]). In this respect, the finding that colibactin is generally present in the hypervirulent CC23 lineage is concerning and should be further investigated. As for the virulence plasmid, the phylogenetic analysis indicated that the genomic island was recently introduced into the CC23 lineages by a single acquisition of the element. Remarkably, the region involved in mobilization of the genomic island was absent in three isolates, suggesting that the island may be stably integrated in the genome of some CC23 isolates.

The ability to acquire iron in the host environment plays a key role in *K. pneumoniae* pathogenicity. Indeed, a remarkable number of different iron acquisition systems were detected in CC23. Thus, in addition to the virulence plasmid-encoded siderophores aerobactin and salmochelin, and the KPHPI208-encoded yersiniabactin, the chromosomally carried *kfu* operon was also conserved in all CC23 isolates. Indeed, recent studies have established that hvKP isolates produce more siderophores than do other isolates and that this trait enhances virulence ([@B64]). The enhanced siderophore production in hvKP isolates was found to be mainly related to aerobactin production ([@B65]). Our finding of aerobactin being strongly associated with hvKP strains and being encoded by a virulence plasmid further indicates a key role of aerobactin and the virulence plasmid in *K. pneumoniae* hypervirulence. The presence of multiple iron acquisition systems in CC23 isolates may ensure optimal iron acquisition in different host environments. For instance, *kfu* was shown to be important for virulence in mice after gastrointestinal inoculation but not when the bacteria were inoculated intraperitoneally, suggesting that *kfu* primarily promotes gastrointestinal colonization ([@B22]).

Another factor that may promote the ability of CC23 to colonize the intestinal tract is the *allS* region, associated with allantoin metabolism, which also has been shown to contribute to virulence in mice after gastrointestinal inoculation but not when the bacteria were inoculated intraperitoneally ([@B21]). The previously reported close association of the *allS* region with the CC23 genetic background is supported by this study, as it was detected in all CC23-related isolates but otherwise only in one of the hvKP K2 isolates ([Fig. 1](#fig1){ref-type="fig"}). Similarly, a high prevalence of the *kpc* fimbrial gene cluster both among the CC23 isolates and in two nonhypervirulent K1 strains suggests a possible general association of this fimbria with the K1 serotype. In contrast to a previous study ([@B23]), we did not find any association of the nonfimbrial adhesin CF29K and CC23, as this adhesin was not detected in any of the isolates analyzed.

Using genome-wide comparisons, we identified four novel regions unique for the CC23 isolates as well as six additional regions with a high degree of association with CC23 (see [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material). Several of these regions were associated with transposases and/or integrases and had a significantly lower GC content, suggesting horizontal acquisition from other organisms. It could be speculated that the regions play a role in the hypervirulence of CC23 or confer increased fitness (e.g., increased gastrointestinal colonization ability). However, as most of the genes encoded hypothetical proteins, additional studies are needed to clarify this. Even if the CC23 unique genes are not associated with CC23 pathogenicity, they can serve as novel markers for easy identification of this important emerging clonal lineage.

Most hvKP isolates have so far been reported to be generally susceptible to antibiotics ([@B5]). In agreement, except for *bla*~SHV~ naturally present in *K. pneumoniae*, antibiotic resistance genes were detected in only one hvKP isolate in our collection. This CC23 isolate carried genes mediating resistance against aminoglycosides, sulfonamide, and trimethoprim. Alarmingly, multidrug-resistant hypervirulent isolates have recently been reported with increasing frequency, including CC23 isolates carrying the extended-spectrum beta-lactamase CTX-15 and the KPC-2 carbapenemase ([@B31], [@B66], [@B67]). The development of multidrug resistance in hvKP strains is truly disturbing, leaving few treatment options for the severe infections caused by these strains.

In summary, using whole-genome sequencing (WGS), we demonstrated a close genetic relationship among hvKP CC23 isolates, which form a monophyletic clade clearly distinct from nonhypervirulent strains. Our data suggest that CC23 has recently evolved by clonal expansion, perhaps after acquisition of a virulence plasmid. Indeed, the conservation of the aerobactin- and RmpA-encoding pLVPK plasmid in the otherwise-unrelated hvKP K2 lineages indicates a key role of this plasmid in *K. pneumoniae* hypervirulence. The success of the CC23 lineage compared to other hypervirulent clonal lineages is likely multifactorial and could be related to specific genetic determinants associated with CC23. These include the distinct CC23 variant of the KPHPI208 genomic island encoding microcin E492 and colibactin, the *allS* region, and the novel genomic regions identified as unique for CC23 in this study. Future studies should elucidate the exact role of these factors in the virulence and emergence of this successful hypervirulent clone.

MATERIALS AND METHODS {#h3}
=====================

Bacterial isolates. {#s3.1}
-------------------

A total of 67 *K. pneumoniae* clinical isolates sampled in Canada, Denmark, Norway, South Africa, Taiwan, and the United States in the period from 1996 to 2012 and two reference strains of serotype K1 strains were included (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). Thirty of the isolates were isolated from cases of community-acquired liver abscess or pneumonia and were therefore considered hypervirulent.

Capsule serotyping. {#s3.2}
-------------------

Capsule serotyping of the hvKP isolates was performed at the WHO Collaborating Centre for Reference and Research on *Escherichia* and *Klebsiella* by countercurrent immunoelectrophoresis (CCIE) using a modified version of the method described by Palfreyman ([@B68]). An extract was used as antigen instead of a whole-cell suspension. The extract was heated only once for 1 h at 100°C before centrifugation.

MLST. {#s3.3}
-----

Multilocus sequence typing (MLST) was performed according to the work of Diancourt et al. ([@B69]). Alleles and sequence types were assigned by using the MLST database (http://www.pasteur.fr/mlst/Kpneumoniae.html).

Genome sequencing. {#s3.4}
------------------

The genomes of the 69 *K. pneumoniae* isolates were sequenced using Illumina GA~IIX~ (47 samples) or MiSeq (22 samples) sequencing technologies as described previously ([@B70], [@B71]). DNA samples were extracted using the DNeasy Blood and Tissue kit as described by the manufacturer (Qiagen, Valencia, CA). For sequencing preparation on the Illumina GA~IIX~ system, 47 samples had approximately 2 µg of DNA sheared to an average size of 500 bp using the Sonicman sonicator (Brooks Automation, Spokane, WA, USA) and prepared for sequencing using the Kapa Biosystems library preparation kit protocol (catalog no. KK8201; Woburn, MA) as described by the manufacturer. These libraries were quantified prior to sequencing using quantitative PCR (qPCR) with the Kapa library quantification kit (catalog no. KK4835; Woburn, MA) on the ABI 7900HT PCR system (Life Technologies Corporation, Carlsbad, CA). Libraries were sequenced to a read length of 100 bp on the Illumina GA~IIX~ system. For sequencing preparation on the MiSeq system, fragment libraries were constructed using the Nextera kit (Illumina, San Diego, CA) followed by 251-bp paired-end sequencing on a MiSeq sequencer (Illumina) according to the manufacturer's instructions.

The sequencing reads were assembled using CLC Genomics Workbench 7.5 (Qiagen, Aarhus, Denmark) with default parameters to include only contigs of ≥500 nucleotides and with over 10-fold average coverage. A summary of genome sequencing and assembly is found in [Table S4](#tabS4){ref-type="supplementary-material"} in the supplemental material.

Identifications of SNPs. {#s3.5}
------------------------

In order to gain insight into the genetic relationships between isolates, whole-genome SNP typing was performed as previously described ([@B70], [@B72], [@B73]). Briefly, an SNP phylogeny was constructed based on an SNP matrix that tabulates all SNPs among the isolates by their location within the genome using NASP ([http://github.com/TGenNorth/NASP/releases/tag/v0.9.6](http://github.com/tgennorth/nasp/releases/tag/v0.9.6)). The matrix was generated by aligning sequence data from the sequenced isolates with a reference genome, NTUH-K2044 (NCBI accession no. [AP006725](AP006725)) using Novoalign 3.00.03 (Novocraft Technologies, Selangor, Malaysia). Reads that mapped to multiple locations within the reference genome were excluded from the alignments, as were reads containing insertions or deletions. SNPs were identified using the Genome Analysis Toolkit (GATK) Unified Genotyper v2.4 ([@B74]). Only SNP loci found throughout all samples were used for the phylogenetic analysis. Additionally, SNPs were excluded if they did not meet a minimum coverage of 10-fold coverage or if the variant was present in less than 90% of the base calls for that position. MUMmer version 3.22 ([@B75]) was used to identify duplicated regions within NTUH-K2044, and SNPs located within these regions were removed from the final analysis. Furthermore, regions of high SNP density indicative of recombination were identified and removed using Gubbins ([@B34]) with default parameters. Maximum-likelihood inferred trees based on the SNP matrix were constructed using MEGA6.06 with the GTR (generalized time-reversible) nucleotide substitution model ([@B76]). [Figure 1](#fig1){ref-type="fig"} was rooted by including the near-neighbor species *Klebsiella variicola* in a separate analysis tree.

Comparative genomics. {#s3.6}
---------------------

To identify unique and shared genomic regions in CC23, four CC23 genomes (CAS695 and CAS701 and the closed genomes of strains NTUH-K2044 and 1084) and four non-CC23 genomes (the closed genomes of strains HS11286, CG43, KCTC 2242, and MGH78578) were analyzed using the progressiveMauve algorithm implemented in Mauve 2.3.1 using default settings ([@B77]). Genomic regions conserved in at least two of the CC23 genomes but absent in at least two of the non-CC23 genomes were submitted to local BLASTN searches among the assembled genomes of all 30 CC23 and 50 non-CC23 strains included in the study using CLC bio's Genomic Workbench 7.5 (Qiagen, Aarhus, Denmark). The presence or absence of genomic regions was determined using thresholds of 90% nucleotide identity, 90% coverage of the query sequence length, and a sequence depth of \>10×. Genomic regions conserved in 90% of CC23 strains but absent from 90% of non-CC23 strains were considered to be CC23 associated. BLASTN atlases of the pNTUH-K2044 virulence plasmid and the KPHPI208 genomic island were constructed using BLAST Ring Image Generator v0.95 with default parameters ([@B78]).

Antibiotic resistance genes. {#s3.7}
----------------------------

The presence of antibiotic resistance coding genes in the hvKP isolates was investigated by use of the web-based tool ResFinder at <http://cge.cbs.dtu.dk/services/ResFinder>.

Nucleotide sequence accession numbers. {#s3.8}
--------------------------------------

The accession numbers for the Illumina sequences generated from the 67 *K. pneumoniae* isolates sequenced in this study are available in the European Nucleotide Archive (ENA; <http://www.ebi.ac.uk/ena>) under the primary identification number PRJEB7967.

SUPPLEMENTAL MATERIAL {#sm1}
=====================

###### 

Rooted maximum-likelihood phylogeny of 80 *K. pneumoniae* isolates after recombination filtering by Gubbins ([@B34]). Hypervirulent clonal lineages (ST14, CC23, and ST86) are marked with shadings. Download
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Figure S1, PDF file, 0.3 MB
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Scatterplot of SNP number in CAS686 related to position in the NTUH-K2044 chromosome. Of 11,519 SNPs identified, only 254 SNPs were located in the region corresponding to position 1.0 to 3.7 Mbp in the NTUH-K2044 chromosome, revealing a composition of CAS686 as a chimera between a CC23 strain and a strain of unknown clonal origin. Download
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Figure S2, PDF file, 0.1 MB
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Phylogenetic analysis of the non-CC23 segments of the genome of the ST260 strain CAS686 (orange marking). Download
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Figure S3, PDF file, 0.2 MB
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BLASTN atlas illustrating the presence of the pNTUH-K2044 virulence plasmid in hypervirulent (A) and nonhypervirulent (B) *K. pneumoniae* isolates. Annotated regions indicate genes encoding the virulence factors RmpA, RmpA2, aerobactin (*iucABCD*-*iutA*), and salmochelin (*iroBCDN*) and gene clusters encoding silver (*sil*) and copper (*pco*) resistance. Red rings in panel A are the 28 CC23-related isolates in the same order from inside to outside as outlined in [Table S1](#tabS1){ref-type="supplementary-material"} (CAS683 to CAS686). Blue rings in panel A are, from inside to outside, the hypervirulent K2 isolates CAS688 and CAS689 and the virulence plasmid pLVPK from the K2 strain CG43. Green rings in panel B are the 39 nonhypervirulent isolates in the same order from inside to outside as outlined in [Table S1](#tabS1){ref-type="supplementary-material"} (A5054 to 3091). The purple ring is pKCTC2242 from strain KCTC 2242 of unknown virulence potential. Download
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Figure S4, PDF file, 0.5 MB

###### 

BLASTN atlas illustrating the presence of the different genomic modules (GM1 to GM8) of KPHPI208 in hypervirulent and nonhypervirulent *K. pneumoniae* isolates. Red rings are, from inside to outside, the CC23-related isolates CAS683, CAS685, CAS686, CAS687, CAS690, CAS691, CAS694, CAS695, CAS698, CAS699, CAS701, CAS726, CAS727, CAS813, CAS951, CAS983, CAS984, CAS985, CAS986, CAS987, CAS988, CAS989, CAS990, CAS991, and CAS992. The orange ring is NTUH-K2044. Blue rings are, from inside to outside, the hypervirulent K2 isolates CAS688, hvKP1, and Kp52.145. Green rings are, from inside to outside, the nonhypervirulent isolates TG12354, TG21545, TG21982, TG28459, SB2390, HS11286, and Kp13. Download
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Figure S5, PDF file, 0.4 MB
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Characteristics of the 69 isolates sequenced in this study.
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Table S1, PDF file, 0.5 MB
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Characteristics of publicly available *K. pneumoniae* genomes included in this study.
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Table S2, PDF file, 0.4 MB
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Genomic regions unique to or highly associated with CC23.
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Table S3, PDF file, 0.2 MB
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Summary of genome sequencing and assembly.
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Table S4, PDF file, 0.2 MB
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